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The static and seismic behavior of a piled raft foundation, supporting a 12-story base-isolated building in Tokyo, is investigated by
monitoring the soil–foundation–structure system. Since the building is located on loose silty sand, underlain by soft cohesive soil, a piled
raft with grid-form deep cement mixing walls was employed to cope with the liqueﬁable sand as well as to improve the bearing capacity
of the raft foundation. To conﬁrm the validity of the foundation design, ﬁeld measurements were carried out on the ground settlements,
the pile loads, the contact pressure and the pore-water pressure beneath the raft from the beginning of the construction to 43 months
after the end of the construction.
On March 11, 2011, 30 months after the end of the construction, the 2011 off the Paciﬁc coast of Tohoku Earthquake struck the
building site. The seismic response of the ground and the foundation–structure system was successfully recorded during the earthquake,
and a peak horizontal ground acceleration of 1.75 m/s2 was observed at the site of the building. Based on static and dynamic
measurement results, it was found that there was little change in the foundation settlement and the load sharing between the raft and the
piles before and after the earthquake. It was also found that the horizontal accelerations of the superstructure were reduced to
approximately 30% of those of the ground near the ground surface by the input losses due to the kinematic soil–foundation interaction
in addition to the base isolation system.
Consequently, the piled raft with grid-form deep cement mixing walls was found to be quite stable in the soft ground during and after
the earthquake.
& 2012 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V.
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In recent years, there has been an increasing recognition
that the use of piles to reduce raft settlement can lead to2 The Japanese Geotechnical Society. Production and hostin
/10.1016/j.sandf.2012.11.017
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der responsibility of The Japanese Geotechnical Society.considerable economic savings without compromising the
safety and performance of the foundation (Poulos, 2001).
Detailed investigations of several high-rise buildings
in Germany, mainly in Frankfurt, were carried out
(Katzenbach et al., 2000; Mandolini et al., 2005). Piled
raft foundations have been used for many buildings in
Japan, including tall buildings in excess of 150 m in height
(Yamashita et al., 2011a).
It has become necessary to develop more reliable seismic
design methods for piled rafts, particularly in highly
seismic areas such as Japan. Yamada et al. (2001) reportedg by Elsevier B.V. Open access under CC BY-NC-ND license.
K. Yamashita et al. / Soils and Foundations 52 (2012) 1000–1015 1001a case history of a piled raft, supporting a 12-story
building in Osaka, which was monitored before and after
the 1995 Hyogoken-Nambu earthquake. Mendoza et al.Photo 1. Twelve-story building in Tokyo.
Fig. 1. Schematic view of building a(2000) reported on the static and seismic behavior of a
piled-box foundation, supporting an urban bridge in
Mexico City clay, i.e., the response of the soil–
foundation system was recorded during the occurrence of
two seismic events in 1997, in which the maximum
horizontal acceleration of the foundation was 0.31 m/s2.
However, only a few case histories exist on the monitoring
of the soil–foundation–structure interaction behavior dur-
ing earthquakes.
This paper offers a case history of a piled raft with
ground improvement on soft ground supporting a 12-story
base-isolated building in Tokyo. The foundation type was
employed to cope with the liqueﬁable sand as well as to
improve the bearing capacity of the raft foundation on
loose sand underlain by soft cohesive soil. To conﬁrm the
validity of the foundation design, ﬁeld measurements were
carried out on the ground settlements, the pile loads, the
contact pressure and the pore-water pressure beneath the
raft, both statically and dynamically, from the beginning
of the construction to 43 months after the end of the
construction. On March 11, 2011, 30 months after the end
of the construction, the 2011 off the Paciﬁc coast of
Tohoku Earthquake struck East Japan, and the seismic
response of the soil–foundation–structure system was
successfully recorded at the site of the building. In this
paper, the characteristics of the observed static and seismic
behavior of the piled raft with ground improvement are
discussed.
In addition, the ﬁeld measurement results from the
beginning of the construction to 27 months after the end
of the construction have been reported in a previous paper
(Yamashita et al., 2011b).nd foundation with soil proﬁle.
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The 12-story residential building, 38.7 m in height above
the ground surface, is located in Toyo, Tokyo, Japan
(Photo 1). The building is a reinforced concrete structure
with a base isolation system of laminated rubber bearings;
it was completed in 2008.
Fig. 1 shows a schematic view of the building and the
foundation with a typical soil proﬁle. A base isolation
system was placed between the raft and the bottom ﬂoor
of the building (Photo 2). The subsoil consists of an alluvial
stratum to a depth of 44 m, underlain by a diluvial sand-
and-gravel layer with SPT N-values of 60 or higher. The soil
proﬁle down to a depth of 7 m is made of ﬁll, soft silt and
loose silty sand. Between the depths of 7 and 44 m, there lie
very-soft to medium silty clay strata. The silty clay between
the depths of 7 and 15.5 m is slightly overconsolidated with
an overconsolidation ratio (OCR) of about 1.5, and the silty
clay between the depths of 15.5 and 44 m is overconsolidated
with an OCR of 2.0 or higher. The groundwater table
appears approximately 1.8 m below the ground surface.
The shear wave velocities derived from a P–S logging
system were 110 to 220 m/s between the depths of 4.8 (at
the foundation level) and 43 m, and were 410–610 m/s in
the dense gravel layers below a depth of 48 m.Fig. 2. (a) Grid-form deep cement mixing walls and (b) Construction
procedure (4-axle type).2.1. Foundation design
The foundation design was based on the design method
for piled rafts described in the previous paper (Yamashita
et al., 2011b). An assessment of the potential for liquefac-
tion during earthquakes was carried out using the simpli-
ﬁed method (Tokimatsu and Yoshimi, 1983). It indicated
that the loose silty sand between depths of 3 and 7 m below
the ground surface had the potential for liquefaction with a
peak horizontal ground acceleration of 0.2 m/s2. There-
fore, to cope with the liqueﬁable sand and to ensure the
bearing capacity of the raft, grid-form deep cement mixing
walls (the TOFT method), shown in Fig. 2, were employed
below the raft. As for the TOFT method, the typical
compressive strength of the soil cement is 2 N/mm2 and the
high-modulus soil–cement walls conﬁne the loose sand
so as not to cause excessive shear deformation to thePhoto 2. Laminated rubber bearings.loose sand during earthquakes. The effectiveness of the
method was conﬁrmed during the 1995 Hyogoken-Nambu
earthquake (Tokimatsu et al., 1996).
The total load in the structural design was 198.8 MN,
which corresponds to the sum of the dead load and the live
load of the building. The average contact pressure over
the raft was 199 kPa. To improve the bearing capacity of
the silty soil beneath the raft, as well as to cope with the
liqueﬁable sand, the grid-form deep cement mixing walls
were extended to a depth of 16 m with the bottom being
embedded in the lower silty clay with an undrained shear
strength of 75 kPa (OCR of 2 or higher). Furthermore, to
reduce the settlement and the differential settlement to
acceptable levels, sixteen 45-m-long precast piles, 0.8–1.2 m
in diameter, were used. The pile toes reached the very
dense sand-and-gravel layer sufﬁciently well enough to
ensure the toe resistance as well as the frictional resistance.
The piles consisted of steel pipe–concrete composite (SC)
piles in the top portion and pre-tensioned spun high-
strength concrete (PHC) piles in the bottom portion. The
piles were constructed by inserting four precast piles (one
12-m-long SC pile and two 12-m-long and one 9-m-long
NK. Yamashita et al. / Soils and Foundations 52 (2012) 1000–1015 1003PHC piles) into a pre-augered borehole ﬁlled with mixed-
in-place soil cement (Photo 3). Fig. 3 shows the layout of
the piles and the grid-form deep cement mixing walls.Fig. 3. Layout of piles and grid-form deep cement mixing walls with
locations of monitoring devices.3. Instrumentation
Field measurements were performed on the foundation
settlement, the axial loads of the piles and the contact
pressure between the raft and the soil, as well as the pore-
water pressure beneath the raft, from the beginning of the
construction to 43 months after the end of the construc-
tion. The locations of the monitoring devices are shown in
Fig. 3. Two piles, 5B and 7B, were provided with a couple
of LVDT-type strain gauges at depths of 6.0 m (pile head),
16.0 m and 46.5 m (pile toe) from the ground surface
(Photo 4). Near the instrumented piles, eight earth pressure
cells and one piezometer were installed beneath the raft at
a depth of 4.8 m. Six earth pressure cells, E1–E6, were
installed on the soil, and two earth pressure cells, D1 and
D2, were installed on the top surface of the deep mixing
walls. The vertical ground displacements below the raft
were measured by differential settlement gauges. LVDT-
type transducers were installed beneath the raft at depths
of 5.8 m, 16.0 m, 27.1 m and 48.0 m to measure the relative
displacements to a reference point at a depth of 60 m, as
shown in Fig. 1. The settlements of the foundation were
measured at points on the raft by an optical level, where a
bench mark was set to the monitoring point of the vertical
ground displacements.
The measurement of the vertical ground displacements was
begun just before the foundation construction excavation,
late in November 2007. The measurement of the axial loads
on the piles, the contact pressure and the pore-water pressure
beneath the raft was begun just before the beginning of the
reinforcement of the 1.5-m-thick foundation slab.
The seismic response of the soil–foundation–structure sys-
tem was recorded during the 2011 off the Paciﬁc coast of
Tohoku Earthquake. The NS, EW and UD accelerations ofPhoto 3. Construction of PHC piles (1.2 m in diameter).
Photo 4. Instrumented PHC piles.the free-ﬁeld ground were recorded by a vertical array,
consisting of borehole-type triaxial servo accelerometers
installed at depths of 1.5 m, 15.0 m and 50.0 m below the
ground surface, while those of the building were recorded
by triaxial servo accelerometers installed on the ﬁrst and
the 12th ﬂoors of the building as well as the raft.
K. Yamashita et al. / Soils and Foundations 52 (2012) 1000–10151004The two horizontal components of the triaxial acceler-
ometers were oriented to the longitudinal direction (Y) and
the transverse direction (X) of the building, which are
almost identical to north–south and east–west directions,
respectively, as shown in Fig. 3. Here in this paper,
therefore, the X and Y directions refer to the east–west
and north–south directions, respectively.
The triggering acceleration was set to 4 mm/s2 and the
sampling rate was 100 Hz. The axial loads on the piles and
the contact pressure between the raft and the soil, as well
as the pore-water pressure beneath the raft, were also
recorded during the earthquake at the same time as the
accelerometers.Fig. 6. Measured settlement proﬁle (22 months after E.O.C.). (a) Alignments
A, B, D and F and (b) Alignments 1, 3, 5 and 74. Behavior of foundation before earthquake
Fig. 4 shows the measured vertical ground displacements
below the raft. At a depth of 5.8 m, the maximum ground
heaving due to the excavation was 14.3 mm, and then, an
immediate settlement of 7.3 mm occurred due to the
casting of the 1.5-m-thick foundation slab. Fig. 5 shows
the measured vertical ground displacements below the raft,
at a depth of 5.8 m, initialized a few hours after the casting
of the slab. As the immediate settlement was mostly caused
by the self-weight of the unset concrete of the raft being
directly transferred to the soil, the ground displacementFig. 4. Measured vertical ground displacements.
Fig. 5. Foundation settlements.initializing just after the immediate settlement is approxi-
mately equal to the settlement of the ‘piled raft’. The
settlement of the piled raft reached 14.3 mm at the end of
the construction, and thereafter, slightly increased toFig. 7. Measured axial loads of Piles 5B and 7B.
K. Yamashita et al. / Soils and Foundations 52 (2012) 1000–1015 100517.3 mm, on March 10, 2011, just before the 2011 off the
Paciﬁc coast of Tohoku Earthquake.
Fig. 6 shows the settlement proﬁles of the raft measured
by an optical level 22 months after the end of theFig. 8. Measured axial load distribution on Pile 7B.
Fig. 9. Measured contact pressure and pore-water pressure. (a) Contact
pressure between raft and deep mixing walls and between raft and soil and
(b) Contact pressure between raft and soil.construction. The maximum angular rotation of the raft
was 1/1580 rad.
Fig. 7 shows the development of the measured axial
loads of Piles 5B and 7B. The pile-head loads increased
after the end of the construction and reached 14.74 MN
and 8.29 MN for Piles 5B and 7B, respectively, on March
10, 2011. Fig. 8 shows the distribution of measured axial
loads for Pile 7B. Since the piles were surrounded by the
deep mixing walls to a depth of 16m, the average skin
friction between the depths of 6.0 m and 16.0 m was quite
small. The average skin friction between the depths of 16.0
and 46.5 m was 54.2 kPa at the end of the construction and
68.9 kPa on March 10, 2011. The load transferred to the
pile toe was relatively small, i.e., the ratio of the pile-toe
load to the pile-head load was 0.18 at the end of the
construction and 0.12 on March 10. Unfortunately, no
data were obtained at the pile toe of Pile 5B, due to the
disconnection during the construction of the pile.
Fig. 9 shows the development of the measured contact
pressure between the raft and the soil together with the
pore-water pressure beneath the raft. On March 10, 2011,
the measured contact pressure between the raft and the
deep mixing walls reached 296–316 kPa, whereas theFig. 10. Time-dependent load sharing among piles, deep mixing walls and
soil in tributary area.
Fig. 11. Ratios of load carried by piles to effective load and total load in
tributary area.
K. Yamashita et al. / Soils and Foundations 52 (2012) 1000–10151006pressure between the raft and the soil was 38.8–63.4 kPa.
The pore-water pressure was around 30 kPa.
Fig. 10 shows the time-dependent load sharing among
the piles, the deep mixing walls, the soil and the buoyancy
in the tributary area of Columns 5B and 7B shown in
Fig. 3. The sum of the measured pile-head loads and the
raft load in the tributary area after the end of the
construction was 35.42–39.83 MN. The raft load means
the sum of the total load carried by the deep mixing walls
and that by the soil, which was obtained from the
measured contact pressures. The sum of the measured
pile-head loads and the raft load in the tributary area was
found to be consistent with the sum of the design load for
Columns 5B and 7B (36.0 MN).Table 1
Load sharing among piles, soil and deep mixing walls.
September 1, 2008a
Ratio of load carried by piles, a0p 0.646 (0.540)
Ratio of effective load carried by deep mixing walls, a0g 0.283
Ratio of effective load carried by soil, a0s 0.071
Values in parentheses are ratios of pile load to total load
aEnd of construction.
bPre-earthquake.
c600 s after start of event.
Fig. 12. Time histories of EW acceleFig. 11 shows the ratio of the load carried by the piles to
the effective load and that to the total load in the tributary
area versus time, where the effective load is the total load
minus the buoyancy from the water pressure acting on
the base of the raft. Table 1 shows the load sharing among
the piles, the deep mixing walls and the soil after the end of
the construction. The ratio of the load carried by the piles
to the effective load increased slightly after the end of the
construction and reached 0.669 on March 10, 2011. At that
time, the ratio of the effective load carried by the deep
mixing walls to the effective load was estimated to be
0.264, whereas the ratio of the effective load carried by the
soil was 0.067. The ratio of the load carried by the piles to
the total load was 0.589 on March 10, 2011.March 10, 2011b March 11, 2011c March 15, 2011 April 10, 2012
0.669 (0.589) 0.660 (0.580) 0.667 (0.582) 0.668 (0.587)
0.264 0.266 0.266 0.268
0.067 0.074 0.067 0.064
rations of ground and structure.
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5.1. General characteristics of earthquake
The 2011 off the Paciﬁc coast of Tohoku Earthquake, with
an estimated magnitude of Mw¼9.0 on the Moment Magni-
tude Scale, struck East Japan at around 14:46 (local time) on
March 11, 2011. According to the JMA, the earthquake
epicenter was located about 130 km east–southeast off the
Oshika Peninsula at a depth of 23.7 km. The distance from
the epicenter to the building site was about 380 km.5.2. Observed seismic response of soil–foundation–structure
system
The seismic response of the soil–foundation–structure
system was successfully recorded at the site of the building.
Fig. 12 shows the time histories of the EW accelerations of
the ground and the structure. The duration of the seismic
motion was longer than 600 s. The accelerations are
ampliﬁed from 100 to 150 s at all observation points andFig. 13. Proﬁles of peak accelerations.
Table 2
Maximum amplitudes of accelerations.
NS EW
Acc. (m/s2) Time (s) Acc. (m
Structure
12th ﬂoor 0.585 111.8 0.619
1st ﬂoor 0.436 116.5 0.527
Raft 0.911 112.5 1.002
Ground
GL-1.5 m 1.439 (2.4) 111.9 1.748 (
GL-15 m 1.161 (2.0) 111.0 1.124 (
GL-50 m 0.588 (1.0) 110.5 0.541 (no signiﬁcant differences can be seen in the envelopes of
the waveforms. A peak horizontal ground acceleration of
1.748 m/s2 was observed near the ground surface.
Fig. 13 shows the proﬁles of the peak accelerations in the
NS, EW and UD directions. Table 2 shows the maximum
amplitudes of the accelerations of the ground and the structure
with the time of occurrence. The ratios of the maximum
amplitude of the ground at depths of 1.5 and 15 m to that at a
depth of 50 m are also shown in the parentheses in Table 2.
The peak ground acceleration in the EW direction near the
ground surface was 3.2 times ampliﬁed from the depth of
50 m. The peak accelerations of the ﬁrst ﬂoor were 0.436 and
0.527 m/s2, which were reduced to 48% and 53% from those
on the raft of 0.911 and 1.002 m/s2, in NS and EW directions,
respectively, by the base-isolation system. Moreover, the peak
accelerations on the raft were reduced to 63% and 57% from
those of the ground surface motions, in NS and EW
directions, respectively, because of the input losses due to the
kinematic soil–foundation interaction. Here, the foundation
means the embedded raft combined with the grid-form deep
cement mixing walls. Consequently, the peak horizontal
accelerations of the ﬁrst ﬂoor of the building were reduced
to approximately 30% of those of the ground surface motions.
Fig. 14 shows the Fourier spectra of the EW accelera-
tions of the ground motion and those of the structure
response, which were smoothed by a 0.05 Hz Parzen
window (Parzen 1962). As to the accelerations near the
ground surface, it can be seen that components of
the periods of 0.7, 1.0 and 1.2 s were predominant. The
responses of the ﬁrst ﬂoor and the12th ﬂoor were ampliﬁed
around 3.5 s, which is consistent with the natural period of
the base-isolation system. The amplitudes of the short-
period components of the raft response are considerably
smaller than those of the ground surface motion, as shown
in Fig. 14(b), which indicates the input losses for the raft.
Fig. 15 shows a spectrum ratio for the EW acceleration
spectra at a depth of 1.5 m to those at a depth of 50 m. The
predominant period of the alluvial clayey stratum is clearly
recognized around 1.0 s.
Fig. 16 shows the pore-water pressure induced by the
earthquake in the silty sand beneath the raft. The pore-
water pressure increased monotonically to 0.47 kPa 600 sUD
/s2) Time (s) Acc. (m/s2) Time (s)
109.7 0.646 110.0
117.8 0.569 110.0
108.9 0.569 110.0
3.2) 109.1 0.752 (1.7) 112.6
2.1) 110.6 0.503 (1.2) 112.6
1.0) 109.3 0.433 (1.0) 112.6
GL-1.5m 
GL-15m 
GL-50m 
12F
1F 
Raft 
GL-1.5m
Fig. 14. Fourier spectra of EW accelerations. (a) Ground motion and (b) Structure response.
Fig. 15. Spectral ratio of ground accelerations (GL-1.5 m/GL-50 m).
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within 1 h after the start of the event (Hamada et al.,
2012). There was very little excess pore-water pressure and
no liquefaction in the silty sand beneath the raft. In
addition, no evidence of liquefaction was observed at the
site of the building.
Fig. 17 shows the time histories of the EW displacements
of the ground and the structure relative to those of the
ground at a depth of 50 m. Fig. 18 shows an orbit of the
relative displacements at a depth of 1.5–50 m. The dis-
placements were calculated by the integration of the
acceleration records, for which components of periods
longer than 20 s and shorter than 0.05s were cut off. The
relative displacements were predominant in the EW direc-
tion and the maximum displacement was 35.7 mm, which
yields an average shear strain of approximately 0.08% for
the strata between depths of 1.5 and 50 m.
Figs. 19 and 20 show the time histories for the bending
moments of Piles 5B and 7B, respectively. The maximum
bending moments at the pile head in the EW direction were
525 and 210 kN m for Piles 5B and 7B, respectively,
whereas those in the NS direction were 216 and 85 kN m,respectively. Thus, it was found that the bending moments
in the EW direction were considerably larger than those in
the NS direction for both piles, which is consistent with the
records of the relative horizontal displacements of the
ground. Fig. 21 shows the horizontal displacements near
the ground surface relative to those at a depth of 50 m vs.
the bending moments at the pile head. The bending
moments at the pile head tend to increase with an increase
in the relative horizontal displacements for both Piles 5B
and 7B. It can be seen that the gradients of the bending
moment vs. the relative displacement are a little different in
the EW and NS directions. Although it was possible for
the bending moments at the pile head to be affected by the
inertial force of the superstructure, further consideration is
necessary to clarify such observations.
Fig. 22 shows the proﬁles of the accelerations and the
displacements of the ground and the structure in the EW
direction when the EW bending moment of Pile 5B at the
pile head was at its maximum. At that time, the accelera-
tions of the superstructure, which correspond to the inertia
force of the superstructure, were very small. Therefore, it is
presumed that the bending moments at the pile head were
mainly caused by the horizontal ground displacements
rather than the shear force resulting from the inertia of the
superstructure.
Fig. 23 shows the increments in axial loads of the piles.
The maximum amplitude for Pile 5B at the pile head was
860 kN in compression and 853 kN in tension, while that
for Pile 7B at the pile head was 694 kN in compression and
1030 kN in tension. The largest amplitudes of axial load
occurred at intermediate depths for both piles. Furthermore,
the ratio of the load amplitude at the pile toe to that at the
pile head was 1.07 in compression and 0.48 in tension, which
is considerably larger than the ratio of the pile-toe load to the
pile-head load in the static measurements. Fig. 24 shows the
time histories of the axial loads of the piles. It can be seen
that the axial loads for piles at all depths were in compression
during the earthquake. Furthermore, the increments in axial
Fig. 16. Excess pore-water pressure beneath raft.
Fig. 17. Time histories of EW displacements of ground and structure relative to those at GL-50m.
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Fig. 18. Orbit of horizontal ground displacements (GL-1.5 m/GL-50 m).
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moving primarily in a sway mode by the base-isolation
system. The ratio of the maximum amplitude to the axial
load at the pile head on March 10 was 5.8% for Pile 5B in
the inner part of the raft and 12.4% for Pile 7B near the
periphery.Fig. 25 shows the time histories of the skin friction of the
pile shaft. The skin friction between the depths of 16.0 and
46.5 m for Pile 7B decreased abruptly for about 110 s after
the start of the event, while the friction between the depths
of 6.0 and 16.0 m for Piles 5B and 7B changed a little. The
sudden decrease in skin friction between the depths of 16.0
and 46.5 m for Pile 7B is consistent with that of the pile
loads at depths of 6.0 and 16.0 m, as shown in Fig. 23(b).
Fig. 26 shows the increments in contact pressure
between the raft and the deep mixing walls and those
between the raft and the soil. The maximum amplitudes of
the contact pressure between the raft and the deep mixing
walls were signiﬁcantly larger than those between the raft
and the soil, as in the case of the static measurements. As
for the contact pressure between the raft and the soil, the
maximum amplitudes from earth pressure cells E5 and E6,
near the periphery of the raft, were larger than those from
E1 to E4, in the inner part, and a sudden increase in
contact pressure was observed at 107 to 109 s, except for
the contact pressure from D1 near the center. This
behavior is closely related to the sudden decrease in axial
load at depths of 6.0 and 16.0 m on Pile 7B. Furthermore,
the sudden increase in contact pressure, as well as the
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Fig. 19. Time histories of bending moments of Pile 5B. (a) NS direction and (b) EW direction.
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Fig. 20. Time histories of bending moments of Pile 7B. (a) NS direction and (b) EW direction.
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consistent with those of the peak ground accelerations in
the EW direction, as shown in Table 2. This indicates that
presumably a limited amount of load was transferred from
the piles to both the soil and the deep mixing walls near the
periphery of the raft, possibly because a very small amount
of residual settlement of the raft occurred due to therotational moment of the superstructure around the time
of the occurrence of the peak ground accelerations.
Fig. 27 shows the time histories of the load sharing among
the piles, the deep mixing walls, the soil and the buoyancy in
the tributary area during the earthquake, where the initial
value of the load is assumed to be equal to the load measured
on March 10, 2011. The increment in total load was small
Relative displacement (mm) Relative displacement (mm) 
Relative displacement (mm) Relative displacement (mm) 
B
en
di
ng
 m
om
en
t (
kN
m
) 
B
en
di
ng
 m
om
en
t (
kN
m
) 
B
en
di
ng
 m
om
en
t (
kN
m
) 
B
en
di
ng
 m
om
en
t (
kN
m
) 
Fig. 21. Relative ground displacements vs. bending moments at pile head. (a) Pile 5B (NS), (b) Pile 5B (EW), (c) Pile 7B (NS) and (d) Pile 7B (EW).
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K. Yamashita et al. / Soils and Foundations 52 (2012) 1000–1015 1011and carried mainly by the piles. Fig. 28 shows the ratio of the
load carried by the piles to the effective load and that to
the total load during the earthquake. The maximum ampli-
tude of the ratio of the pile load to the effective load was
3.9% of the pre-earthquake value. The ratios of the pile loaddecreased abruptly around 110 s, which is consistent with the
behavior of the skin friction between depths of 16.0 and
46.5 m for Pile 7B.
Fig. 29 shows the interaction curves for the axial load and
the bending moment of the SC pile corresponding to the
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Fig. 24. Time histories of axial loads of piles.
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Fig. 23. Increments in axial loads of piles. (a) Pile 5B and (b) Pile 7B.
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Fig. 25. Time histories of skin friction.
K. Yamashita et al. / Soils and Foundations 52 (2012) 1000–10151012allowable and the ultimate bending moments for an axial force
in design. Fig. 29 also shows the relationship between the axial
loads and the bending moments measured for Piles 5B and 7B
at the pile head during the earthquake, where the bending
moments are obtained by combining the components in NS
and EW directions. Here, the allowable interaction curve is
deﬁned when the unit stress at the edge of the steel pipereaches 325 N/mm2 in tension and/or that of the concrete
reaches 60 N/mm2 in compression. The ultimate interaction
curve is deﬁned when the unit stress at the edge of the concrete
reaches 105 N/mm2 in compression and the compressive strain
at the edge reaches 5000 micro strain. It is found that the
observed bending moments for both piles are considerably
smaller than the allowable bending moment of the pile. This is
Fig. 26. Increments in contact pressure. (a) Contact pressure between raft and deep mixing walls and (b) Contact pressure between raft and soil.
K. Yamashita et al. / Soils and Foundations 52 (2012) 1000–1015 1013likely that the relative horizontal displacements of the piles to
soil below the raft to the depth of 16 m, where the soil was
conﬁned by the deep mixing walls, were small.
6. Effect of earthquake on settlement and load sharing
The foundation settlement increased by 0.3 mm from the
pre-earthquake value, the value measured on March 10,
2011, to 17.6 mm on March 15, as shown in Fig. 5.
Thereafter, the foundation settlements varied from 16.2
to 17.8 mm and were found to be stable.
The axial load at the pile head of Pile 7B decreased very
slightly from the pre-earthquake value of 8.29 MN to
8.15 MN on March 15, while that of Pile 5B changed
little, as shown in Fig. 7. Thereafter, the axial load variedfrom 14.19 to 15.31 MN on Pile 5B and from 8.02 to
8.34 MN on Pile 7B.
The contact pressure between the raft and the soil
increased from the pre-earthquake values (39.3–63.3 kPa)
to 40.6–65.6 kPa on March 15, as shown in Fig. 9. There-
after, the pressure varied from 38.8 to 64.9 kPa. The
contact pressure between the raft and the deep mixing
walls near the periphery (D2) increased slightly from the
pre-earthquake value of 316–321 kPa and that of the inner
part (D1) increased very slightly from 296 to 298 kPa on
March 15, as shown in Fig. 9. Thereafter, the contact
pressure near the periphery (D2) increased slightly,
whereas that in the inner part (D1) changed little.
The pore-water pressure increased from the pre-
earthquake value of 30.1 kPa to 32.4 kPa on March 15.
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Fig. 27. Load sharing among piles, deep mixing walls and soil during
earthquake.
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Fig. 28. Ratio of load carried by piles during earthquake.
K. Yamashita et al. / Soils and Foundations 52 (2012) 1000–10151014Thereafter, the pore-water pressure varied from 30.3 to
35.6 kPa due to the effect of seasonal groundwater varia-
tions. It is likely that the variations in foundation settle-
ment and axial load of the piles, before and after the
earthquake, are closely related to the seasonal ground-
water variations.
The ratio of the load carried by the piles to the effective
load in the tributary area decreased slightly from the pre-
earthquake value of 0.669 to 0.660 near the end of the
event (600 s after the start of the event), and then increased
to 0.667 on March 15, as shown in Table 1 and Fig. 28.
The ratio of the effective load carried by the soil to the
effective load increased from the pre-earthquake value
of 0.067 to 0.074 near the end of the event, and then
decreased to 0.067 on March 15, whereas that carried bythe deep mixing walls to the effective load increased very
slightly from 0.264 to 0.266, and then changed little, as
shown in Table 1. This indicates that presumably a very
small amount of load transfer from the soil to the piles
occurred after the load transfer from the piles to both the
soil and the deep mixing walls during the earthquake.
Thereafter, the ratio of the load carried by the piles to the
effective load was quite stable, as shown in Fig. 11.
As a result, no signiﬁcant changes in foundation settle-
ment or load sharing were observed after the earthquake,
where very little excess pore water pressure had built up
beneath the raft.
7. Conclusions
The static and seismic behavior of a piled raft foundation,
supporting a 12-story base-isolated building in Tokyo, was
investigated by monitoring the soil–foundation–structure
system from the beginning of the construction to 43 months
after the end of the construction. The seismic response of the
soil–foundation–structure system was successfully recorded
during the 2011 off the Paciﬁc coast of Tohoku Earthquake.
Through the static and seismic investigation, the following
conclusions can be drawn:(1) The measured vertical ground displacement just below
the raft, which was approximately equal to the founda-
tion settlement, was 17 mm. And the ratio of the load
carried by the piles to the effective load in the tributary
area was estimated to be 0.67 30 months after the end
of the construction, just before the 2011 off the Paciﬁc
coast of Tohoku Earthquake.(2) During the 2011 Tohoku Paciﬁc Earthquake, a peak
horizontal ground acceleration of 1.75 m/s2 was observed
near the ground surface. The peak horizontal accelera-
tions of the ﬁrst ﬂoor of the building were reduced to
approximately 30% of those of the ground surface
motion by the input loss due to the kinematic soil–
foundation interaction in addition to the base isolation
system. The maximum horizontal displacement near the
ground surface, relative to that at a depth of 50 m, was
35.7 mm, which was calculated by the integration of the
acceleration records. It can be seen that the bending
moments at the pile head increase with an increase in
the relative horizontal ground displacements between
depths of 1.5 m and 50 m. Thus, it is presumed that the
bending moments at the pile head were mainly caused by
the horizontal ground displacements, rather than the
inertia force of the superstructure. The observed bending
moments at the pile head were found to be considerably
smaller than the allowable bending moments in the
design.(3) Based on the static and dynamic measurement results,
no signiﬁcant changes in the foundation settlement or
the load sharing between the raft and the piles were
observed after the earthquake, where very little excess
pore water pressure had built up beneath the raft
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Fig. 29. Interaction curves for axial load and bending moment of SC pile. (a) Pile 5B (1.2 m in diameter), (b) Pile 7B (1.0 m in diameter) and (c) Bending
moment vs. axial load measured at pile head.
K. Yamashita et al. / Soils and Foundations 52 (2012) 1000–1015 1015during the earthquake. Consequently, it is conﬁrmed
that a piled raft, combined with grid-form deep cement
mixing walls, works effectively in grounds consisting of
liqueﬁable sand and soft cohesive soil.Acknowledgments
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